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Introduction
The Circuit of Papez is a well described bidirectional neural network sub-serving multiple limbic functions [1, 2] . As a fundamental substrate for emotion, memory, and neurovegetative function, it is also associated with a variety of neuropsychiatric disorders including epilepsy, Alzheimer's disease, and affective disorders. Deep brain stimulation (DBS) within the basal ganglia network is now a well-established therapy for movement disorders [3] and based upon that experience, its application to multiple neural pathways and disorders is under investigation. DBS applied to targets within the Papez circuit has been evaluated for epilepsy [4, 5, 6] and more recently for the treatment of Alzheimer's dementia [7, 8] . Despite decades of study, the exact mechanism of action of DBS in movement disorders remains an open scientific question [9] , and the understanding of DBS effects in other networks is less clear.
We previously described the development of a large animal model to study DBS in the circuit of Papez in awake, normally behaving subjects, using a bidirectional neural interface that allows for both stimulation and recording in multiple brain locations [10, 11] . In these studies we demonstrated the ability to record evoked potentials (EPs) within this network, assessed the effects of high frequency stimulation on hippocampal local field potentials (LFPs) in response to both anterior thalamic and direct hippocampal DBS, and documented changes in hippocampal excitability induced by stimulation. In the current study we extended this investigation to include similar measures of network function in response to DBS of the anterior column region of the fornix, the target area under clinical investigation for Alzheimer's disease.
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Methods
This work was conducted at the Physiological Research Laboratory (Medtronic, PLC; Minneapolis, MN) under a protocol approved by the Institutional Animal Care and Use Committee. Detailed surgical and recording methods have been previously reported [12] and are briefly summarized here.
Adult Polypay mixed breed sheep (n=3) were anesthetized with a standard regimen, and 1.5T MRIs collected and transferred to a surgical planning station (Stealth Station Treon, Medtronic, Inc). Unilateral fornix (Model 3389) and hippocampal (Model 3387) quadripolar DBS leads were implanted using a frameless stereotactic system (NexFrame) following similar procedures used for human DBS surgery [13] ; intraoperative hippocampal EPs in response to fornix stimulation were used to confirm lead placement.
Leads were connected to extensions which were tunneled to a post-scapular pocket and connected to the recording-enabled, rechargeable neurostimulator [14, 15] . Post-operative CT or MR images were merged with pre-operative planning MRIs to confirm the M A N U S C R I P T EPs within the network were elicited by trains of constant current stimuli (5 Hz, 30 seconds duration, 2-7 mA, 120 us pulse width) delivered to the fornix (FX contacts 0-3) or hippocampal (HC contacts 8-11) leads and recorded from the other lead. In each subject, the adjacent bipolar pair of contacts on the fornix lead that produced the largest hippocampal EPs was identified and this cathode/anode combination was then used for subsequent long term testing to evaluate stimulation effects on hippocampal LFP activity.
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For closed-loop stimulation low theta band power was measured by the device and used as the control signal to trigger fornix DBS. Upper and lower power thresholds and duration constraints were established to implement the control policy for the closed loop algorithm. Stimulation was turned on at a slow ramp rate when the theta power fell below the minimum threshold and turned off when theta power was above the upper limit for a defined duration.
Data analyses
Electrophysiologic data was analyzed using Acqknowledge 4.1 software (BioPac Systems). EPs were averaged off-line using the stimulus artifact as the trigger. LFP M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 7 spectrograms (intensity of instantaneous frequency versus time; Hann window) were generated with Sigview32 software (v 2.6.1) and are displayed using a logarithmic Z-axis with color representing relative intensity. Phase-amplitude coupling of the LFP signals was calculated according to described methods [16, 17] .
Results
Surgical Targeting
In comparison to the DBS lead trajectory used to target the anterior thalamic region in our earlier studies in this animal model, a modified surgical approach was used to access the fornix target. In this species the fornix is a relatively large structure that extends over the entire anterior and dorsal aspect of the thalamus. In order to reach the anterior thalamus with an anterior-posterior approach it is necessary to penetrate the fornix with the DBS lead. For this study, a posterior-anterior trajectory was used, with the intent of "skiving" the DBS lead along the superior surface of the dense fornix white matter such that its final position resided on the anterior-dorsal aspect of the structure. These EPs have a latency (and morphology) that is virtually identical to the short-latency component of the hippocampal EPs elicited by fornix DBS (shown in the middle panel for the same subject), suggesting that they represent activation of the same underlying neural substrate in a bi-directional manner. In this subject there was also a prominent, longer latency component in the EP which resembled in both morphology and latency (slightly delayed) the hippocampal EP in response to anterior thalamic stimulation reported in our prior studies (bottom panel).
Fornix DBS effects on hippocampal activity
In order to provide a direct comparison with earlier work on thalamic stimulation, the effects of varying stimulation amplitude and frequency on hippocampal LFP activity were assessed. Figure 4 shows the response recorded in the hippocampus to 10 second ramped-onset bursts of stimulation (40 Hz) of increasing amplitude. At lower stimulus amplitudes there was an inhibition of hippocampal activity, evident in the theta and higher frequency bands, which occurred during stimulation, but exhibited little carry-over effect. As the stimulation amplitude was increased, this inhibitory effect transitioned into a threshold dependent excitatory burst of theta activity, as seen in the final two stimuli presented in Figure 4 . Following these bursts (shown in inset) the LFP activity in the hippocampus exhibited more low frequency components (delta, theta) with a reduction in higher frequency bands (beta, gamma). Fornix DBS at different frequencies ( were again brief bursts of theta activity generated (inset) with higher DBS frequencies, followed by elevated low frequency LFP activity.
These stimulation induced theta bursts had long lasting effects on the underlying hippocampal LFP activity as more clearly illustrated in Figure 6 . In this example, a twelve minute period of hippocampal activity was recorded with the subject resting quietly. After a five minute baseline period, fornix stimulation was slowly ramped on, to a level above threshold to generate a hippocampal theta burst. As the stimulus amplitude increased, a short period of inhibition was observed, followed by the brief theta burst, M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
10 seen in the top panel spectrogram. Following this theta burst, and the cessation of stimulation, the LFP activity in the hippocampus was markedly changed compared to baseline, and this pattern persisted for several minutes post stimulation. There were no behavioral changes observed over the entire trial period. The middle panels in this figure show a comparison of the average power spectrum for the baseline period and for the period following stimulation. During baseline, the dominant LFP power was in the delta band. Bursts of higher frequency beta and low gamma activity were present throughout this period, which are more easily seen in the spectrogram. Following the stimulation induced theta burst, there was an increase in delta activity, and the appearance of a strong band of theta activity, with a coincident reduction across higher frequencies. The bottom panels show the corresponding phase-amplitude coupling (PAC) relationships for these pre-and post-stimulation periods. During baseline, there is strong PAC between theta and gamma activity, theta and high-beta bands, and delta and low-beta bands. In the post-stimulation state, despite increased delta and theta power, virtually all of this PAC was reduced or abolished, likely resultant from the marked reduction in high frequency activity observed in this network state.
Closed-loop modulation of hippocampal activity
The chronically implanted, bi-directional neural interface used in this study is capable of closed-loop functionality using remotely executed or microprocessor-controlled embedded algorithms [18] . Based upon our earlier studies demonstrating closed loop modulation (suppression) of LFP activity with thalamic and direct hippocampal stimulation, we investigated the ability to modulate (drive) hippocampal theta power with M A N U S C R I P T
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11 responsive fornix stimulation. The panels in Figure 7 show the time domain signal, LFP power in the control band, LFP power in the high beta -low gamma bands, output of the stimulator, and LFP spectrogram for a fifty minute recording epoch. Following an initial period to establish stable baseline measures, the closed-loop algorithm was activated as indicated in the figure. Theta power at this time was below the minimum level and a stimulation cycle was triggered, initiating the slow ramp in stimulation amplitude. As the stimulation level initially increased, inhibition of LFP activity occurred as evidenced in the spectrogram and in the theta power signal. As expected, when the stimulation amplitude reached the desired threshold, a strong theta burst was generated and the power levels increased rapidly, exceeding the upper limit, thereby terminating the stimulation cycle. Theta power remained high, and above the lower limit for several minutes before slowly decaying. Conversely, power in the higher frequency bands slowly recovered over this time interval. Two additional cycles of stimulation were triggered by the algorithm over the subsequent period generating similar patterns of changes in LFP activity. Closed-loop stimulation was then turned off to assess the time course of the "wash-out" from stimulation. The hippocampal state change induced by the brief cycles of stimulation persisted for a considerable period of time, despite the subject being alert and active (but constrained). Theta band activity remained high for over ten minutes following the last stimulation and then began to slowly decay back to baseline levels over an additional ten minutes. LFP power in higher frequency bands recovered in parallel, although even at thirty minutes post stimulation did not appear to have completely returned to baseline levels.
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Discussion
The present results, obtained from chronic recordings in awake large animals, provide additional insight into the effects of DBS within the Papez circuit. More specifically, in conjunction with our earlier reports, they illustrate the markedly different effects on hippocampal activity that can be elicited through stimulation at different targets within this network.
Low frequency stimulation of the fornix target generated large amplitude, short latency EPs within the hippocampus. These responses could be elicited with relatively low stimulus amplitudes (1-2 mA) using tightly spaced adjacent bipolar stimulation on the 3389 lead, suggesting activation of nearby neural populations. Combined with the imaging results, these data provide confidence that the fornix leads were accurately targeted. The relatively narrow morphology of this early response indicates a highly synchronous discharge, consistent with stimulation of a white matter pathway. The fornix contains both afferent and efferent axonal projections, however the majority of the fibers within this structure represent outflow fibers from the hippocampal formation [19] .
As such, it is likely that this short latency EP recorded in the hippocampus represents antidromic activation of hippocampal efferents. This interpretation is supported by the results obtained with hippocampal stimulation (Fig. 3) , where the EP recorded at the fornix electrode has a similar morphology, and essentially identical latency, presumably reflecting orthodromic propagation in these same hippocampal fibers. Stimulation of these fibers at the fornix target will generate activity that propagates antidromically back to the hippocampus (short latency response) as well as orthodromically through the Papez mammillary pathways, anterior nucleus, and back to the hippocampus via the cingulum. The longer latency response illustrated in Figure 3 (middle) may reflect this orthodromic propagation of the evoked activity, based on the similarity in morphology, and slightly delayed latency (~ 20 ms) compared to hippocampal EPs generated by anterior thalamic stimulation (Fig. 3, bottom) . These combined latencies result in a "round-trip" propagation time in the range of 70-80 ms for this neural circuit, which is consistent with the measured resonance in this network from EPs recorded and generated at the same network node [unpublished data]. Talakoub et al. [21] described hippocampal EPs elicited by fornix stimulation in one primate subject.
The morphology and latencies of the multiple response peaks observed were very similar to those in Figure 3 (middle). Evoked responses to fornix stimulation have also been recorded in humans undergoing invasive epilepsy monitoring. Miller et al. [22] reported large amplitude hippocampal EPs in four subjects, with an initial latency of 6-20 ms, consistent with the early latency peak observed in our animals, although their stimulation site was considerably more posterior. In addition to hippocampal responses, Koubeissi et al. [6] also recorded EPs in the posterior cingulate, suggesting bidirectional propagation of the evoked activity, as described above.
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Higher frequency stimulation of the fornix produced amplitude dependent effects on hippocampal LFP activity. At low stimulus amplitudes, the predominant effect observed during stimulation was an inhibition of activity in the lower frequency bands. Based upon the EP data, the underlying neural activation occurring at these stimulation levels presumably reflects antidromic activation of hippocampal efferents. If this is the case, the observed inhibition may be a result of antidromic invasion of recurrent collaterals near the cell bodies of the hippocampal outflow neurons and activation of inhibitory interneurons, similar to that described by McCracken et al. [23] in the orbital-frontal cortex in response to striatal DBS. Spencer and Kandel [24] reported sustained inhibitory responses in hippocampal single units resulting from stimulation of the deafferented fornix in cats, which would also be consistent with this proposed mechanism.
Alternatively, orthodromic activity in this pathway may have produced hippocampal suppression analogous to that seen with anterior thalamic stimulation, although the time course of inhibition differed, with little post-stimulus carry-over evident with fornix DBS. The frequency dependence of these inhibitory effects was very similar to those observed with thalamic and direct hippocampal DBS, with clear inhibition of LPF activity arising in the range of 20-40 Hz (Fig. 5) .
One of the more interesting observations in this investigation was the threshold dependent bursts of hippocampal theta activity ("theta bursts") produced by higher amplitude fornix stimulation. Moreover, the distinct change in the pattern of hippocampal activity evident after these bursts, and its prolonged duration, was rather remarkable. As illustrated in Figure 6 , one very short, DBS induced burst resulted in a M A N U S C R I P T
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15 dramatic change in the LFP spectrum, which persisted for minutes following this brief event. This marked change in network "state" was reflected not only in the pattern of spectral LFP power, but also in more complex measures of local network function such as theta-gamma PAC. Whether these changes in PAC reflected alterations in cross frequency coupling mechanisms or were simply due to the global reduction in high frequency activity is uncertain. Based upon the clear, repeatable threshold dependence to evoke these events, it seems likely that the underlying mechanism involves activation of a specific neural population within the fornix. Considering the known anatomy and physiology, the most likely candidate to elicit such effects would be the pathways originating from the medial septal and diagonal band regions. These nuclei send cholinergic and gabaergic projections directly to the hippocampus and are known to be involved in the generation of theta rhythms [25, 26] . Destruction or pharmacologic block of these structures results in a reduction in hippocampal theta activity, and performance deficits in memory related tasks [27, 28] .
Behaviorally, the subjects showed no overt changes associated with the different hippocampal network states induced by DBS. As shown, all three animals demonstrated strong EPs in the hippocampus in response to fornix DBS and also inhibition of LFP activity during high frequency stimulation. In one subject, we were unable to elicit the theta burst phenomena with higher stimulation amplitudes, but interestingly, in this animal, triggered a repeatable, threshold dependent behavioral event, defecation. Similar to the theta burst events, the ability to elicit this threshold dependent behavior with stimulation suggests recruitment of a specific neural pathway, in this case, likely M A N U S C R I P T
16 involving projections to the anterior hypothalamic region [29] , involved in parasympathetic regulation. Hess [30] conducted extensive microstimulation mapping of this region in awake animals, and reported stimulation induced defection behavior associated with the anterior hypothalamic and septal regions. It is likely that small variations in the position of the DBS lead relative to the various sub-populations of axonal pathways within the fornix account for these response differences between subjects.
Fornix DBS is under investigation as a treatment for Alzheimer's disease, based upon an initial observation of stimulation induced memories in a subject being treated for obesity [31] . This initial observation was followed by a six subject pilot study of fornix DBS in mild Alzheimer's patients [7] . In two of those six subjects, a similar threshold dependent phenomenon involving autobiographical memories was reported when stimulation was delivered at "relatively high" levels of 5 to 6V. Although purely speculative, it is intriguing to consider whether the DBS induced theta bursts, and subsequent network state shifts observed in our animals, could represent the electrophysiologic correlate of these clinical experiences.
The devices used in this study provide the opportunity to chronically record neural network activity, and the changes induced by DBS, in human subjects. Having the ability to observe network activity correlated with symptomatic states, clinical improvement, or specific behavioral events in different disorders, should ultimately improve outcomes with DBS therapies. Fundamental understanding of the desired states in different M A N U S C R I P T
17 network disorders will eventually support the development of adaptive DBS algorithms to more precisely modulate neural activity into specified ranges. We previously demonstrated that it was possible to suppress activity in the Papez network, and reduce hippocampal excitability to defined levels, with direct hippocampal or anterior thalamic DBS, both under investigation for the treatment of epilepsy. These effects could be attained with lower-frequency (40-50 Hz) closed-loop stimulation, as compared to continuous, high frequency stimulation commonly used in movement disorders, and typically adopted for virtually all investigations of new DBS indications. The example shown in Figure 7 illustrates that it is also possible to drive activity in this network, using similar stimulation parameters and closed-loop fornix DBS. The discreet amplitude dependence of this excitatory effect, with inhibition occurring at lower stimulation levels, clearly reinforces the value of being able to directly observe DBS effects on neural activity during parameter titration, particularly in situations where acute clinical responses are not readily apparent.
The current work has clear limitations, in that these observations are from a relatively small cohort of subjects. However, the results reported were derived over several years of chronic recordings in awake large animals, and represent reliable, repeated measures in response to DBS. In addition, results from our prior studies using essentially the same experimental approach provide a comparator that highlights the different effects on hippocampal activity generated by DBS at specific targets in the Papez circuit. All of this work has been conducted in normal animals, and not in chronic disease models, thus any extrapolation to the clinical arena is tenuous. However, defining how different networks M A N U S C R I P T
18 respond to DBS in the normal state seems fundamental to developing a better understanding of the mechanism of action of DBS therapies under pathophysiologic conditions, and may provide insights into target and stimulation parameter selection.
In conclusion, although the results described are specific to the Papez circuit, this large animal model can serve as a prototype network to explore DBS effects, and a test bed for next generation technology. From that perspective, these studies have demonstrated the potential to ultimately monitor, and modulate network activity to desired endpoints in real-time with a fully implantable DBS system, using LFPs as a closed-loop control signal. Early demonstrations of closed-loop DBS for Parkinson's disease in human subjects, based on basal ganglia LFP biomarkers, have been reported by several groups [32] [33] [34] . To date, those studies have been conducted acutely in-clinic, over relatively short periods of time, with externally based control systems requiring percutaneous access to DBS leads. The initial reports of human use of the implantable system used here have recently appeared, and describe chronic LFP recordings from a number of DBS targets in different disorders [35] [36] [37] [38] [39] . Early pilot investigations of closed-loop DBS in human subjects employing this system are currently underway. 
HIGHLIGHTS
• We studied DBS of the fornix in an awake large animal model using a clinical-grade, fully implantable neurostimulator that allows for chronic recording of local field potentials from leads implanted in the hippocampus.
• Fornix stimulation produced robust short latency evoked potentials in the hippocampus; the latency and other characteristics suggest these responses primarily reflect antidromic activation of hippocampal efferent fibers.
• High frequency fornix DBS at specific amplitude thresholds generated pronounced bursts of theta activity in the hippocampus; following these bursts the hippocampal power spectrum changed markedly from baseline, and these changes persisted for minutes after DBS was off.
• The results demonstrate target specific effects within the Papez Circuit, and extend those of prior investigations of anterior thalamus DBS.
